Summary Coconut (Cocos nucifera L.) is a perennial tropical monocotyledon that produces fruit continuously. The physiological function of the large amounts of sucrose stored in coconut stems is unknown. To test the hypothesis that reserve storage and mobilization enable the crop to adjust to variable sink-source relationships at the scale of the whole plant, we investigated the dynamics of dry matter production, yield and yield components, and concentrations of nonstructural carbohydrate reserves in a coconut plantation on Vanuatu Island in the South Pacific. Two treatments were implemented continuously over 29 months (April 2002 to August 2004: 50% leaf pruning (to reduce the source) and 100% fruit and inflorescence pruning (to reduce the sink). The pruning treatments had little effect on carbohydrate reserves because they affected only petioles, not the main reserve pool in the stem. Both pruning treatments greatly reduced dry matter production of the reproductive compartment, but vegetative growth and development were negligibly affected by treatment and season. Leaf pruning increased radiation-use efficiency (RUE) initially, and fruit pruning greatly reduced RUE throughout the experiment. Changes in RUE were negatively correlated with leaflet soluble sugar concentration, indicating feedback inhibition of photosynthesis. We conclude that vegetative development and growth of coconut show little phenotypic plasticity, assimilate demand for growth being largely independent of a fluctuating assimilate supply. The resulting sink-source imbalances were partly compensated for by transitory reserves and, more importantly, by variable RUE in the short term, and by adjustment of fruit load in the long term. Possible physiological mechanisms are discussed, as well as modeling concepts that may be applied to coconut and similar tree crops.
Introduction
Arborescent monocotyledonous crops such as coconut (Cocos nucifera L.) are biologically and agro-ecologically distinct from dicotyledonous tree crops. Although they have a woody stem, they are incapable of secondary wood growth and show little, if any, branching of the vegetative architecture. In typical Arecaceae crop species (e.g., coconut and oil palm), this results in a single stem with a constant diameter and variable height. The apical meristem of this mono-axial system forms phytomers in linear and regular succession, consisting of a leaf, an internode (whose growth constitutes the incremental growth of the stem) and an inflorescence. In coconut, this inflorescence is the only shoot organ that shows variable branching, and thus a variable load of female and male flowers.
A less well characterized feature of palm family crops is the topological location and chemical nature of nonstructural carbohydrate reserves. In contrast to dicotyledonous trees, which store reserves in insoluble form (mainly starch) in all woody tissues and particularly in roots (Barbaroux and Bréda 2002, Bennett et al. 2005) , the carbohydrate reserves of coconut are mainly stored in the stem in soluble form (primarily sucrose), whereas the root system seems to have no storage function (Mialet-Serra et al. 2005) . In this respect, coconut has much in common with large grass species such as sorghum (Hoffmann-Thoma et al. 1996) , millet (Asthir and Singh 1995) and sugar cane (Komor 2000) , with which it shares some phenological features such as a stable phyllochron duration (interval between the emergence of successive leaves; Craufurd et al. 1998, Lafarge and Tardieu 2002) .
The physiological role of transitory carbohydrate storage, particularly medium-term storage in non-leaf tissues, has received much attention in the case of cereals (HoffmannThoma et al. 1996 , Blum 2004 . Such storage must be distinguished from short-term storage in leaf blades, which functions mainly to buffer diurnal and sub-diurnal fluctuations in assimilation rate (Sicher et al. 1984 , Kozlowski 1992 . Generally, it is assumed that medium-term, transitory reserves are used during periods of increased internal demand (e.g., grain or fruit filling: Oliveira and Priestley 1988 , Loescher et al. 1990 , Kozlowski 1992 or low assimilation rate (e.g., during a drought; Volaire 1995 , Karsten and MacAdam 2001 , Ferreyra et al. 2004 . It has been proposed that changing soluble sugar concentrations in plant tissues constitute a feedback signal permitting adjustments in organogenetic and morphogenetic processes to current resource availability . This mechanism is referred to as sugar signaling (Roitsch et al. 2000 , Rolland et al. 2002 , Gupta and Kaur 2005 and is thought to be a major determinant of plant phenotypic plasticity (Wingler et al. 2006) .
Nonstructural carbohydrate reserves in temperate trees have the additional function of providing assimilates for regreening after winter (Nguyen et al. 1990 , Lacointe et al. 1993a , 1993b , Alaoui-Sossé et al. 1994 , Sauter and van Cleve 1994 , Cherbuy et al. 2001 , Barbaroux and Bréda 2002 . Nonstructural carbohydrate reserves probably have a similar function in seasonally defoliating trees in the tropics (Silpi et al. 2007 ). The role of such reserves in coconut, a continuously fruiting evergreen tree adapted to the humid and subhumid coastal tropics, is less clear. Mialet-Serra et al. (2005) reported that adult coconut trees grown under favorable climatic conditions contain about 30 kg nonstructural carbohydrates per plant, mainly in the form of sucrose, representing about 9% of total plant dry matter including roots. About 60% of this reserve is located in the stem, which has a mean, nonstructural carbohydrate concentration of about 130 g kg -1 , but attaining localized, maximal concentrations of up to 300 g kg -1 . Our main hypothesis was that carbohydrate reserves in vegetative tissues of coconut serve to buffer sink-source imbalances that may result from temporary reductions in demand for assimilates (simulated by fruit pruning) or shortfalls in carbon assimilation (simulated by leaf pruning). Other potential adjustments to such imbalances at the whole-plant level, such as adjustments of carbon assimilation rates (which would affect radiation-use efficiency (RUE)), changes in sink capacity (adjustment of appearance rate or size of new sink organs) or changes in source capacity (adjustment of leaf area) were also considered. The experimental approach was to assess development, growth and reserve dynamics during consecutive seasons in plants having different source-sink relationships, induced artificially and continuously by leaf or fruit pruning.
Materials and methods

Study site and plant material
The experiment was conducted in the coconut plantation at the Vanuatu Agricultural Research and Training Centre (VARTC), which covers about 400 ha in Saraoutou, (Espiritu Santo, Vanuatu, Southern Pacific, 15°26′42″ S, 167°11′30″ E, 80 m a.s.l.). The climate is tropical humid and favorable for coconut. Rainfall peaks during the hot and rainy season (December-April), with a monthly mean of 335 mm (all long-term means are based on the 1989-2000 period). A drier season usually occurs from July to September, with a monthly mean of 117 mm. Mean daily global radiation (R g ) during the dry season (wet season) is 14.5 MJ m -2 day -1 (20.0 MJ m -2 day -1 ). Mean air temperature is 27.6°C (30.3°C), mean relative air humidity is 86% (89%), mean maximum vapor pressure deficit is 0.81 kPa (1.08 kPa), and mean potential evapotranspiration (Priestley-Taylor) is 5.4 mm (4.2 mm). During the experiment, which lasted from March 2002 to August 2004, monthly incident photosynthetically active radiation (PAR i ) and mean temperature varied little between years but showed a clear seasonality (Figure 1 ). Rainfall was more variable between years, 2003 being drier than 2002. The soil is ferralitic, weakly desaturated and of good nutritional quality. It is a 1-2.5-mdeep, silty clay soil of volcanic origin, deposited on a limestone plateau. The gravimetric soil water content (mass/mass) is 35% at pF 4.2 and 50% at pF 2.5, with an extractable water content of less than 15%.
The experimental plot, which is part of a larger genetic experiment, covered 7.7 ha. Planting density was 160 plants ha -1 in an 8.5-m equilateral triangular pattern. Thus, each plant was surrounded by six other plants forming a hexagon. Plants were 19 years old at the onset of the study. The cultivar studied was a high-yielding hybrid between the Vanuatu Red Dwarf (VRD, female parent, short stature, many small fruits) and the improved Vanuatu Tall (VTT, male parent, tall stature, few large fruits).
Treatments
Two treatments were applied: leaf pruning (LPT) and fruit pruning (FPT). The aim of the LPT was to limit assimilate source. At the start of the treatment, all leaves, except the 14 youngest leaves, were excised (just their petioles remained to support axillary inflorescences), resulting in about a 50% reduction in leaf number. Throughout the experiment, the leaves advancing from rank 14 to 15 were excised at the petiole extremity on a monthly basis. The aim of the FPT was to reduce the sink for assimilates. Inflorescences (bunches) were systematically removed before anthesis, preventing fruit set during the experiment.
Treatments were replicated four times in a randomized design and applied in April 2002. Each replication consisted of a single plant separated by at least one border plant from the next study plant. A second set of 12 "reserve" plants on the same plot was treated and replicated as described for the main plot for complementary leaf measurements involving destructive sampling.
Stem growth rate
Stem height (from the rachis base (called the C point) of leaf rank 14 to the ground) was measured monthly from April 2002 to August 2004. Coconut stems have no secondary growth and therefore have roughly constant diameter; new biomass growth was assumed to occur at the stem tops only. Stem growth (kg DM month -1 ) was estimated from the height increment during one month (based on leaf initiation), stem dry density (dry mass:wet volume ratio) at the top of the stem, which was assumed to be constant (0.18 g cm -3 ; Mialet-Serra et al. 2005) and stem diameter at the top of the stem. Observed changes in nonstructural carbohydrate concentrations in stems, which are not confined to the uppermost stem segment, were included in the calculation of stem biomass growth.
Leaf growth rate
The total number of fully expanded leaves per crown, the number of newly formed leaves and the number of fallen leaves were recorded monthly from April 2002 to August 2004. Measurements of the morphology of fully expanded leaves were conducted on a separate set of "reserve" plants (four replications) that were treated as described for control, FPT and LPT. At 18 months into the treatments, four fully expanded, green leaves were randomly harvested. Dry mass of the whole petiole, rachis and the leaflets, the rachis length and the leaflet number were measured. Generic relationships were established by linear regression for each treatment, relating rachis length and leaflet number to the three components of leaf mass (leaflets, rachis and petiole). It was assumed that the leaf properties observed did not differ from those of the main-plot plants. These relationships were used to calculate dry mass of all leaf positions per crown on the main-plot trees. To obtain the aggregate and monthly dry mass growth rates for all leaves on a tree, we plotted the time-course of monthly dry mass increment of each new leaf produced. Growth followed a sigmoid function (forced with the final mass of each leaf ) over 21 months, the time between the onset of elongation (rank -13, leaf hidden in the meristem) and the attainment of final mass (rank +8).
Reproductive growth rate and annual harvest index
Times of anthesis and flower maturity (equal to harvest date) were monitored. The numbers of fertilized flowers and fruits were recorded every 15 days on each inflorescence from the first anthesis onward. The circumference of three randomly selected fruits per inflorescence was measured monthly between anthesis and inflorescence maturity. The number and dry mass of fallen immature fruits per tree were also recorded monthly. Growth rate (kg DM month -1 ) of each developing inflorescence followed a sigmoid function over 15 months of slow growth followed by rapid growth for 12 months after anthesis.
Partitioning of aboveground dry matter production to fruits was assessed as harvest index (HI: entire fruit dry mass or copra (dry kernel) yields divided by total aboveground dry mass yield).
Radiation-use efficiency
Radiation-use efficiency (RUE; g DM MJ -1 ), an indicator of plant population photosynthetic efficiency, was determined as the ratio between monthly aboveground dry mass gain and absorbed PAR. The second term was calculated from: (1) LAI determined monthly as mean leaflet dry mass on a monthly basis multiplied by the treatment specific leaf area (SLA, measured during the previous destructive sampling) and total fully expanded leaf number in the crown; (2) the monthly incident PAR; and (3) the PAR extinction coefficient, calculated with a radiation transfer model coupled with a 3D architectural model (Mialet-Serra et al. 2001 , Roupsard et al. 2008 ), constrained by the observed LAI and the specific architectural modifications caused by leaf pruning.
Nonstructural carbohydrates in plant tissue
Nonstructural carbohydrates (NSCs) were analyzed in the stem and the leaf petiole. Measurements were made every 2 months for 19 months (from March 2002 to September 2003 . Samples for sugar analysis were obtained as described by Mialet-Serra et al. (2005) for the same site, but the number of samples per sampling event was reduced to avoid effects on the plant. All 12 plants were sampled. Sampling occurred during a 2 h period in the morning over several days. Radial core samples were taken with a Pressler drill (6.6 × 300 mm). Stem samples (one or two cores) were collected at three positions: in the stump (belowground stem part); at the base (200 mm above ground); and at mid-height. Two or three cores (6.6 × 80 mm) were taken from the petiole of the leaf corresponding to rank 9 (autotrophic, mature leaf), a leaf position previously found to be representative of the crown (Mialet-Serra et al. 2005) . Sampled cores were placed on ice until processing in the laboratory.
Nonstructural carbohydrates in plant tissue were analyzed as described by Mialet-Serra et al. (2005) . Samples were ground with liquid nitrogen to 100 µm particle size with a ball grinder. Soluble sugars were extracted with 80% EtOH at 80°C and filtered on activated carbon. After evaporation of ethanol, soluble sugars were quantified by high performance ionic chromatography with pulsated amperometric detection (Dionex system). Starch was solubilized with 0.02 N sodium hydroxide at 90°C, and hydrolyzed with α-amyloglucosidase. Glucose was quantified spectrophotometrically using hexokinase, glucose-6-phosphate-dehydrogenase and NADP.
Statistical analysis
Results were processed in two steps. First, a 1-way analysis of variance (ANOVA) was performed to evaluate the effect of the single factor, season (dry and wet), on yield, growth and carbohydrate concentration in the control treatment only. Second, a 2-way ANOVA was performed to evaluate the effects of treatment (control, LPT and FPT) and season (dry and wet). Multiple mean comparisons were made by the Tukey test and considered significant at P < 0.05. Tables 1-4 list the results for the simple factorial models (main effects + simple interactions).
Results
Vegetative growth rate and development
Seasonal effects Rates of dry matter growth of aboveground vegetative organs (stem + leaves) were between 3.5 and 4.8 kg tree -1 month -1 (18.7 and 25.6 kg ha -1 day -1 ). There were no consistent seasonal or inter-annual patterns in dry matter growth rates of aboveground vegetative organs in control trees (Figure 2a) . Growth rates of vegetative plant compartments were thus about constant over the period of observation. These data exclude root growth, which was not measured. Daily axial stem growth (Table 1) did not vary with season, although growth on a thermal time basis was significantly (P < 0.05) higher in the dry season than in the wet season. Similarly, absolute phyllochron duration was unaffected by season but the phyllochron based on thermal time was higher in the wet season than in the dry season (Table 1) . Consequently, thermal-time-based stem height gain and development rate were significantly accelerated during the dry season, but this resulted in no seasonal effects in absolute terms. Specific leaf area (SLA, m 2 kg -1 ), whole leaflet and leaf dry mass were constant throughout the experiment; LAI showed no significant temporal variations.
Treatment effects For most months, growth rates of the vegetative plant compartment were slightly lower in control plants than in LPT plants, although these differences were not statistically significant in any given month (Figure 2a ). The mean (± SE) decrease in vegetative growth rate caused by leaf pruning was 6.0% (± 1.1%) and the mean increase caused by fruit pruning was 0.9% (± 1.1%) over the experimental period, indicating that the pruning treatments had little effect on growth rates of the vegetative plant compartments. However, FPT significantly increased stem height growth (P < 0.01) by an average of 36%, whereas LPT had no effect (Table 1 ). The pruning treatments did not significantly affect phyllochron duration. Specific leaf area, individual leaflet and entire leaf dry masses were not significantly affected by the pruning treatments (Table 2). Pruned plants had constant PAR interception rates during the experiment. The PAR extinction coefficient, calculated with the radiation transfer model, was about 0.45.
TREE PHYSIOLOGY VOLUME 28, 2008 Thereafter, reproductive growth rates of control plants nearly doubled within a period of 2 months and remained elevated during the rest of the experiment. The mean fruit load of control plants per inflorescence including immature nuts increased dramatically at the same time (Figure 2c ). These increases in reproductive growth rates and fruit load in control plants after February 2003 were highly variable. For the yield components, no seasonal effects were observed on fertilized female flower number per inflorescence and fall rate (abortion) of immature nuts. However, total fruit dry mass and copra per harvested inflorescence were about twice as high in the wet season as in the dry season (P < 0.05) for both years combined (Table 3) . This difference could be attributed to the number of maturing fruits per harvested inflorescence. No seasonal effects were observed on total mean dry mass and copra per harvested fruit. The yield per inflorescence translated proportionally into yield at the plant scale because each leaf position carried an inflorescence, and season had no effect on leaf production rate.
Treatment effects Over the 29 months of continuous observations, a gradual decline in reproductive growth rates was observed for LPT plants, from about 8 kg plant -1 month -1 initially to about 5 kg plant -1 month -1 at the end of the experiment (Figure 2b ). After the initial 11 months of the experiment (until March 2003) and unlike the controls, LPT plants showed no increase in reproductive growth rate and mean fruit load per inflorescence (Figures 2b and 2c) . Consequently, pruning effects became apparent only 12 months after treatment onset, corresponding to the time of inflorescence primordium differentiation. The LPT had only small, statistically nonsignificant effects on total fruit dry mass and copra per harvested inflorescence during the 29-month study (Table 3) . Neither fall rate (fruit abortion) nor mean total dry mass and copra per maturing fruit were affected by the LPT. Mean fruit load per inflorescence including immature nuts, however, was significantly reduced by LPT (Figure 2c ). This apparent discrepancy was because fruits took 12 months to differentiate, and the treatment-induced reduction in fruit production thus resulted in reduced inflorescence yields only after considerable delay. The results indicate that analysis of treatment effects on growth and yield must account for long lags in plant responses, including their history before the start of the experiment.
Yearly dry matter partitioning and harvest index
Continuous observations over 29 months allowed analysis of TREE PHYSIOLOGY ONLINE at http://heronpublishing.com PHYSIOLOGICAL AND PHENOLOGICAL ADJUSTMENTS IN COCONUT 1203 (Figure 3) suggests that, in coconut, the concept of proportional allocation of dry matter to sinks is probably inappropriate. Absolute dry matter allocation to aboveground vegetative organs (leaves and the stem) was stable between years and among treatments, whereas absolute dry matter allocation to the fruit compartment showed large variations (Figure 3) . The same patterns applied to variance within years and within treatments, indicating that there was a roughly constant baseline allocation of dry matter to vegetative aboveground growth, and a residual variable allocation to fruits. The fruit compartment showed high phenotypic plasticity, whereas the aboveground vegetative compartment did not. Although we obtained no information on the plasticity of the root compartment, information from an unrelated experiment comparable to our control treatment and based on the same genotype at the same field site indicated that annual root dry matter growth was about 40 kg plant -1 year -1 , similar to annual leaf dry matter production.
The annual HI based on production of entire fruits (including hull tissues and copra) was between 0.54 and 0.66, indicating that coconut is an efficient crop. The partial HI for copra, the most valuable product rich in lipids, was between 0.09 and 0.15. There were no significant differences in HI between con- stems and petioles, whereas starch concentrations were low throughout (data not shown). Monosaccharide concentrations were substantial in petioles (10-30 mg g -1 ) but low in stems (Table 3 ). In petioles, monosaccharide concentrations exhibited a similar decrease after Month 15 as sucrose concentrations (data not shown).
Treatment effects Pruning treatments had no significant effect on mean total sugar concentrations in the stem during the 18-month study (Table 4) . This was also true of sucrose and starch concentrations. Stem monosaccharide concentrations, however, increased 3-fold (P < 0.01) in LPT plants. This may have an important functional significance, but constituted only a small fraction of the overall sugar pool. However, compared with stems, sugar concentrations in petioles responded differently to the pruning treatments, with FPT plants exhibiting a significant (P < 0.01) increase in the concentrations of all sugars (Table 4) . Relative effects on starch (3-fold) and the absolute effects on sucrose (increase from 115 to 173 mg g -1 ) were particularly large. The smallest significant (P < 0.01) increase was observed in monosaccharides. Consequently, experimental reduction of the assimilate source (LPT) specifically increased the concentration of monosaccharides (fructose and glucose) in stems, and limitation of the sink (FPT) increased the concentrations in petioles of both monosaccharides and the other nonstructural carbohydrates measured.
Time courses of total sugar concentrations in stems showed no marked seasonal dynamics in any treatment. The only significant treatment effect on stem reserve dynamics was a temporary decrease (P < 0.05) during the initial 5 months of LPT (Figure 4b ). Time courses of total sugar concentration in petioles in both pruning treatments were similar to those in control plants (Figures 4b and 4c) , although absolute concentrations were higher in FPT plants (Table 4 ). The marked decrease in petiole reserves in control plants in mid 2003 (Figure 4a ), coinciding with increased fruiting, was also observed in FPT plants (Figure 4c ), in which fruiting was suppressed.
RUE, source-sink relationships and carbon reserves
Monthly means of RUE of control plants varied between 1.0 and 2.4 g MJ -1 ( Figure 5 ). About two-third of this variation (r 2 = 0.68, P < 0.01) could be explained by variation in incident PAR. When monthly incident PAR exceeded 250 MJ m -2 (or 8 MJ m -2 day -1 ), RUE was constant between about 1.0 and 1.2 g MJ -1 , but it was significantly higher at lower incident PAR.
Treatments had large effects on RUE ( Figure 5 ). Reduction of the assimilate source (LPT) initially increased RUE compared with control values. This result was due to the method of calculation; the numerator was equal to the control value, whereas the denominator was less than the control value. This increase gradually diminished, and after one year it disappeared completely. Reduction in the assimilate sink (FPT) reduced RUE by more than 50% throughout the experiment. Thus, sink (or demand) limitation continuously reduced RUE, indicating that RUE, and thus dry matter assimilation rates at the plant scale, were highly sensitive to plant assimilate demand. This interpretation of treatment effects on RUE was supported by inverse effects on petiole nonstructural sugar concentration. Throughout the experiment, effects of LPT (relative to control) were positive on RUE and negative on total sugar concentrations, and conversely, effects of FPT were negative on RUE and positive on total sugar concentrations ( Figure 6 ). Treatment-induced changes in RUE and in sugar concentrations in petioles were thus opposite, and both are indicative of sink-source relationships.
One explanation of the treatment effects on RUE is a feed back inhibition on leaf photosynthetic rates through the accu-TREE PHYSIOLOGY ONLINE at http://heronpublishing.com PHYSIOLOGICAL AND PHENOLOGICAL ADJUSTMENTS IN COCONUT 1205 Table 4 . Effects of leaf pruning treatment (LPT) and fruit pruning treatment (FPT) on monosaccharides, sucrose, starch and total sugar (TS) concentrations (mg g DM -1 ) of the stem at mid-height and of the petioles of coconut (Cocos nucifera) trees. Values are means (SE) of four replicates. Significance of treatment effects (ANOVA): ns = not significant; ** = P < 0.01; and *** = P < 0.001. Different letters within a column indicate a significant difference among treatments at P < 0.05 (Tukey's test). No interaction effects of treatment × season were significant. mulation of total soluble sugars in leaves (particularly in leaflets) under sink limitation. Measurements of leaflet sugar concentrations, which were conducted early in the experiment (May, July and September 2002) and then discontinued, indicated a highly significant (r 2 = 0.64, P < 0.01, n = 9), negative correlation between RUE and total soluble sugar (monosaccharides + sucrose) concentration in leaflets across treatments and sampling dates. A similar correlation was also found for sucrose alone (r 2 = 0.57, P < 0.05, n = 9), but not for leaflet monosaccharide or starch concentrations. A multiple linear regression model explaining variable RUE on the basis of leaflet total soluble sugar (TS; mg g DM -1 ) concentration and monthly incident solar radiation (Rg; MJ month -1 ) across the three sampling dates and three treatments had the form: RUE = 7.840 -0.089TS -0.016Rg (r 2 = 0.77, P < 0.01, n = 9).
Discussion
In an earlier study (Mialet-Serra et al. 2005) , we characterized the chemical composition and distribution of nonstructural carbohydrates in coconut, which were assumed to be transitory reserves. Mialet-Serra et al. (2005) concluded that these reserves, mainly located in the stem in the form of sucrose, represent a pool of assimilates that can sustain overall tree growth for 1 to 2 months, or fruit production for 6 months. The underlying assumption was that this substantial carbohydrate pool serves as a buffer absorbing excess assimilates during periods of sink limitation, and releasing assimilates during periods of source limitation. Our data only partially confirm this hypothesis because the pruning treatments affecting the sink (FPT) and source (LPT) mainly affected nonstructural carbohydrate pools in the petioles (14% of the total reserve pool is located in the petioles; Mialet-Serra et al. 2005) and not in the stem, which is the larger storage compartment (60% of the total reserve pool; Mialet-Serra et al. 2005) . It therefore appears that the transitory reserves serving a buffer role are mainly present in tissues physically close to the main sinks (fruits) and sources (leaves), but not in more distant storage sites such as the stem-at least under the conditions we studied. A physical or topological proximity effect on transitory reserve dynamics has also been described by Haddad et al. (1995) . Our results demonstrate an apparently highly conservative use by the coconut plant of the main sugar storage pool in the stem, except in LPT plants during a transitory period when there was a significant decrease in the reserve pool in the stem, presumably to satisfy a temporary increase in current demand. In small, C 3 -type cereals, transitory carbohydrate reserves in vegetative tissues have a short-term buffer function for growth before reproductive development , and thereafter mainly serve as a resource for grain filling (Willenbrink et al. 1998 , Blum 2004 . However, for sorghum, a large, C 4 -type cereal, it was reported that the substantial quantities of sucrose stored in internodes contribute little to grain filling and thus are conserved until maturity (Kouressy et al. 2008) . This is true also for sugar cane, a perennial, large, C 4 -type grass (Komor 2000) . It thus seems that large monocotyledonous plants accumulate high concentrations of soluble sugars in internodes (grasses) or woody stems (coconut), and that these reserves, if they serve as such, do not function primarily as a buffer for sink-source disequilibria. The physiological function and adaptive value of the large sucrose pool located in the stem of coconut remain unknown, especially under favorable conditions for the crop. It is possible that under severe conditions of physiological stress due to drought or pests and diseases, there is a more marked mobilization of carbohydrates stored in the stem.
Our results indicate that growth and development of vegetative organs of coconut have little phenotypic plasticity under the range of conditions we tested. The behavior of this species therefore deviates from annual monocotyledons such as rice, where vegetative biomass, biomass partitioning and organ size and number are highly sensitive to environment (Henson 1985 , Dingkuhn 1996 and internal resources , and are therefore simulated by most crop models (e.g., Penning de Vries et al. 1989 , Brisson et al. 2003 and some architectural models (Yan et al. 2004 , Guo et al. 2006 ) as a direct function of carbon assimilation. The same has been found for perennial dicotyledons (Allen et al. 2006 ) and pines (Li et al. 2002) . If assimilate demand for vegetative growth of coconut is a function of a rigid body plan (Itoh et al. 2006) , allowing for limited morphological response to changing resources, the large sucrose storage pool in stems might serve a vital function in situations where assimilation rates are insufficient to satisfy the apparently constant demand exerted by vegetative growth processes. Such severe situations were not explored in our study and merit further research. In contrast to dry matter growth of aboveground vegetative plant compartments, dry matter growth of reproductive organs was highly variable in time and among treatments. It responded to assimilate source restrictions imposed by LPT, but only after a 1-year delay, which corresponds roughly to the differentiation period of the fruits. No LPT effects were observed on fruit fall rate or final individual fruit mass. Consequently, individual fruit development, once initiated, seems to exert a demand for assimilates as rigid as that exerted by vegetative development. At the plant scale, demand for assimilates can probably be adjusted to available resources only through the number of fruits developed, involving a lag of many months. The large decreases in fruit load and yield observed in LPT plants (relative to controls) during the second year of treatment indicate that this adjustment mechanism is effective in coconut.
The low phenotypic plasticity of the vegetative apparatus of coconut and the considerable lag involved in the adjustment of fruit set to available resources require additional mechanisms to ensure physiological equilibrium during periods of sinksource imbalances, such as those we imposed by pruning. We confirmed the buffer role exerted by carbohydrate reserves in the petioles; however, in quantitative terms, this pool (14% of nonstructural sugar content in the plant, or 4.2 kg plant -1 (Mialet-Serra et al. 2005) ) is small compared with the fluctuations in demand for growth that can occur in the short term (about 9 kg of fruit dry biomass was produced per month per control plant). The most important physiological mechanism enabling assimilate sink-source equilibrium in coconut seems to involve the assimilate source, as indicated by the large variations in RUE between seasons and among treatments.
The main source of RUE variability under control conditions was incident PAR. Horie and Sakuratani (1985) showed for rice that mass-based RUE decreases with increasing incident solar radiation, similar to our findings. The effects of the pruning treatments on RUE were large, particularly for FPT. These pruning effects can probably be explained by variable rates of leaf photosynthesis, which may be regulated by physiological assimilate demand, or by feedback inhibition of photosynthesis when sugar supply exceeds demand. Strong evidence for feedback of source-sink relationships on leaf photosynthetic rates in coconut is provided by the strong negative correlation between RUE and leaflet soluble sugar concentration that we observed. Multiple linear regression analysis showed that 77% of the variation in RUE was attributable to leaflet soluble sugar concentration and incident radiation, with both having highly significant negative effects. Numerous studies have confirmed that this mechanism of feedback inhibition of photosynthesis exists in plants (Morcuende et al. 1996a , 1996b , Winder et al. 1998 , Paul et al. 2003 , particularly in woody perennials (Quereix et al. 2001 , Iglesias et al. 2002 , Franck et al. 2006 . Ultimate proof of feed back inhibition of photosynthesis through local accumulation of soluble sugars, however, can be obtained only by direct measurements of leaf photosynthesis. Apart from demand-driven regulation of photosynthesis, several other possible explanations exist for the observed compensatory changes in RUE in coconut. First, the conventional definition of RUE based solely on aboveground biomass, as applied here, takes no account of variability in root growth. Although unpublished data exist indicating positive effects of fruit pruning on root dry biomass in coconut (an increase of 30% of the root-system standing biomass), this effect must be very strong if it is to explain the observed FPT effects on RUE, as root growth would have to double (1st year, 2002) or triple (2nd year, 2003) . It is thus possible that variable root growth accounted for some, but not all, of the treatment effects on RUE. Second, it has been suggested that respiration, which does not produce ATP and is distinct from maintenance and growth respiration, is linked with variable substrate (sugar) availability. For example, Whitehead et al. (2004) showed that red oak night respiration is a function of tissue sugar concentration, a finding that has profound consequences for plant carbon balance in variable environments. Variable rates of the different respiration processes may thus result in large discrepancies between mass-based RUE and photosynthesis.
The main findings of our study, namely (1) the apparently highly conservative use of the plant's main assimilate storage pool in the stem, (2) the low phenotypic plasticity of the aboveground vegetative apparatus and (3) the strong compensatory adjustment of RUE (probably a short-term adjustment) and fruit set (long-term adjustment) to changing sink-source relationships, indicate that coconut behaves differently from dicotyledonous fruit trees, which have more plastic (adaptive) vegetative growth and architecture and, in addition, regulate fruit load with resource-dependent fruit fall (Costes et al. 2004) . Variable RUE and fruit set are probably the most important mechanisms ensuring sink-source balance in coconut.
Our data provide a comprehensive basis for the development of a physiological whole-plant model for coconut and for Arecaceae. Such a model would need to depart from several conventional concepts such as proportional allocation of assimilates to organs according to stable partitioning coefficients (Penning de Vries et al. 1989 ) and fixed (sink-independent) coefficients for RUE at the crop scale. Because RUE seems to be largely demand (sink) driven in coconut, and because large components of this demand appear to be inherent to the rigid, vegetative architecture and phenology of this plant, concepts from architectural plant models (Yan et al. 2004 ) might make important contributions to a future coconut crop model. More field research is needed to fully understand the whole-plant physiology of this crop, particularly the dynamics of stem sucrose reserves when conditions of severe stress impede normal vegetative growth, and the physiological processes responsible for variable RUE.
